The influence of extent and location of regional ischemia, baseline left ventricular systolic function, and autonomic reflexes on in situ left ventricular end-systolic pressure-volume change in slope (Ees), similar to isolated heart data. Ischemic zone size, however, was not determined in this study; thus, a relation between ischemia extent and ESPVR shift could not be quantified. Although these two previous experimental studies found negligible Ees change during regional ischemia, several theoretical models"3 have suggested that Ees reduction might well occur. Other factors in addition to ischemic extent could play important roles in determining the net ESPVR response to regional ischemia. For example, baseline systolic function,' autonomic reflex activation,4'5 or the site of ischemic insult6'7 (anterior versus posterolateral wall) might modify any responses. A quantitative assessment of the relative contribution of each of these factors would be useful, not only towards interpreting in vivo animal data, but also in assessing data obtained in humans during acute ischemia, after reperfusion, or both, and in patients undergoing coronary balloon angioplasty.8'9
The influence of extent and location of regional ischemia, baseline left ventricular systolic function, and autonomic reflexes on in situ left ventricular end-systolic pressure-volume relations (ESPVRs) during coronary occlusion were studied in 13 open-chest dogs. Circumflex or left anterior descending arteries were randomly occluded (at proximal or distal sites) for 3 minutes in reflex-blocked (n=6, hexamethonium/vagotomy) and unblocked (n=7) animals. Pressure-volume data were obtained by the conductance-catheter technique, with ESPVRs determined by transient inferior vena caval occlusion. Ischemic zone size was estimated for each occlusion by radiolabeled microspheres. The relative influence of each variable on ESPVR change with ischemia was determined by multiple regression analysis. As in previous studies, regional ischemia displaced ESPVRs to the right by an amount that varied directly with ischemic bed size (y=+0.48x, r=0.76, p<0.001). However, in contrast to previous data, coronary occlusion also reduced the ESPVR slope (end-systolic elastance, Ees) in the majority of cases. The extent of slope change was primarily dependent on the baseline elastance (Eesbase), such that the higher the initial elastance, the larger its subsequent reduction for any amount of ischemia (AEes= -0.78Eesbase, r=0.94,p<0.001). Active reflexes added an offset constant to this relation (+3.15 mm Hg/mIl, p<0.001). In addition, Ees fell slightly more with larger ischemic regions. Thus, although previous studies have reported primarily rightward parallel shifts in ESPVR with regional ischemia, the present data also demonstrate that the slope of the relation is often reduced. Greater baseline elastances typical of in situ, as opposed to isolated, ventricles probably explain the differences in apparent responses. (Circulation 1989; 80:1783 -1794 R egional ischemia leads to complex changes in the end-systolic pressure volume relation (ESPVR) due to heterogeneity of myocardial function. In isolated canine ventricles, acute regional ischemia results in ESPVR curvilinearity (convex to the volume axis), such that at sufficiently high end-systolic pressures, the local slope is similar to baseline, but the relation is shifted rightward by a volume amount that varies directly with ischemic zone size' (Figure 1 ). The only previous study of in vivo ESPVR' during regional ischemia also demonstrated a rightward shift of the relation with little change in slope (Ees), similar to isolated heart data. Ischemic zone size, however, was not determined in this study; thus, a relation between ischemia extent and ESPVR shift could not be quantified. Although these two previous experimental studies found negligible Ees change during regional ischemia, several theoretical models"3 have suggested that Ees reduction might well occur. Other factors in addition to ischemic extent could play important roles in determining the net ESPVR response to regional ischemia. For example, baseline systolic function,' autonomic reflex activation,4 '5 or the site of ischemic insult6'7 (anterior versus posterolateral wall) might modify any responses. A quantitative assessment of the relative contribution of each of these factors would be useful, not only towards interpreting in vivo animal data, but also in assessing data obtained in humans during acute ischemia, after reperfusion, or both, and in patients undergoing coronary balloon angioplasty.8 '9 The purpose of the present study was 
Statistical Analysis
Multiple linear regression analysis was used to test the independent influences of reflex status (REFLEX), ischemia extent (%IM), occlusion site (SITE) (e.g., anterior versus posterolateral ischemia), baseline end-systolic elastance (Eesbase), peak systolic pressure (PSP), and pressure change during ischemia (,APSP) on both the change in ESPVR slope (AEes) and volume shift (z1Ves). The general linear model used was:
AEes (or VVes) = C1 + C2REFLEX+CQ%IM + C4SITE+ C5Eesbase+ C6PSP+C7zAPSP
(1) with, a constant (C1) and six linear coefficienits (C2-C7). The site of coronary occlusion, as well as presence or absence of reflex blockade. was as coded using dummy variables (i.e., 0= LAD, 1 = CIRC). Examination of the regression-coefficient correlation matrix, as well as use of stepwise analysis, identified the principal independent significant contributors to the regression equation, and a new model with only those parameters was then fit t the data. Residual plots graphically displayed the miifluence of a given factor after adjustment for other significant cofactors. Analysis of covariance was also used to test influences of REFLEX or %IM on other regression relations.
With the exception of three occlusions (three separate animals) in which microsphere data could not be interpreted, probably due to poor mixing, each animal contributed four points to the overall regressions. The resulting 49 observations were not strictly statistically independent; however, randomization of occlusion sequence and the natural variability of experimental conditions and coronary anatomic distribution within a given dog limited clustering of any given animal-results data and enabled the data to be pooled in this manner.
Mean hemodynamic data were analyzed by repeated measures ANOVA, with the Bonferoni correction for Although %IM was varied by occluding at multiple vessel sites within each heart, Eesbase demonstrated natural variation between animals. As a group, reflex-blocked animals had lower resting Ees than unblocked animals ( size all probably contributed to the total range of baseline values. The extent to which Eesbase influenced the change in Ees during regional ischemia is displayed in Figure 4A . The data demonstrated a significant correlation between the two variables, with a greater fall in Ees present in hearts with higher Eesbase values. Active reflexes offset this dependence by significantly shifting unblocked data rightward compared with blocked data (p<0.001, by ANOVA ous studies) was problematic because of the more limited load range over which in vivo ESPVR data are obtained and the presence of local Ees changes. Therefore, we compared the Ves of baseline and occlusion ESPVRs at a common Pes (chosen to be the steady-state Pes after 3 minutes ischemia). AVes provided a measure of ESPVR displacement over the collected data range.
Factors influencing AVes were also analyzed by a multiple regression model. Stepwise analysis identified the primary factors contributing to the regression, and the correlation matrix was used to confirm that selected variables were not highly codependent. Because a Ves shift could have primarily resulted from simultaneous Ees changes, a regression term was introduced to test for such dependence. The product of AEes and PSP (AEes.PSP) was used to reflect the interactive role of both slope and operating pressure on Ves change.
The regression results are presented in Table 4 .
AVes was principally determined by the %IM, with increases leading to greater rightward shifts of the ESPVR. The multiple regression slope of this relation was +0.48±0.064 ml/%IM, r=0.76, p< 0.001), predicting an approximate 5-ml increase in Ves for each 10% increase in %IM. Only a small component of Ves shift could be accounted for by Ees reduction, and there was an additional small contribution from changes in systolic pressure during CIRC occlusions. Figure 5 displays individual data for both reflexblocked and unblocked groups. The amount of rightward shift directly correlated with the %IM, and the slope of the relation was not dependent on occlusion site or REFLEX (by ANOVA). The significance of the SITE APSP term indicated that for any given %IM, Ves shift was somewhat greater with CIRC than LAD occlusions, and this was proportional to the extent of APSP in that group.
Discussion
The principal findings of the present study are that in ejecting in vivo hearts, acute regional ischemia shifts the ESPVR rightward by an amount that correlates with %JM, much like the response in isolated isovolumic ventricles.' However, in contrast to data previously reported in isolated' and in vivo2 hearts, Ees frequently falls during ischemia. This change was primarily dependent on Eesbase, with a smaller influence of %IM and REFLEX.
Regional Ischemia and ESPVR
A correspondence between increasing extent of regional ischemia and gradual worsening of global LV systolic function is well known.14-16However, studies using indexes such as ejection fraction or dP/dtmax are limited by the ability of such studies to separate changes in global function due to altered loading from changes due to ventricular systolic performance. Furthermore, these indexes cannot be easily related to (or predicted from) an integration of ischemic and nonischemic regional properties.
The ESPVR provides a means of resolving these deficiencies. The relation is relatively load insensitive, and therefore, much less influenced by volume dilation often accompanying acute ischemia.14,17 In addition, description of the chamber by a volume elastance enables prediction of the net ESPVR from i the simple addition of two hypothetical regional elastances; an ischemic region arrested in diastole, and a "normal" region of residual myocardium.1
In isolated blood-perfused isovolumic beating hearts, Sunagawa et al' found that regional ischemia produced a nonlinear ESPVR, with a shallow slope in the low P-V range that became increasingly steep and approached control values at higher, more physiologic, ranges. The net result was an apparent rightward shift of the ESPVR with little change in slope (local Ees) when measured at normal operating pressures (Figure 1) . The extent of this shift was found to correlate with %IM. In the one previous in vivo study, Little and O'Rourke2 examined changes in the ESPVR after 2-minute occlusions of the CIRC artery in sedated closed-chest dogs. They found little change in Ees, and a rightward shift in ESPVR during ischemia. In this study, however, the %IM was neither systematically varied nor assessed. The present investigation extended these previous observations by providing data on ischemic zone size, and testing the potential additional impact of autonomic reflex activation, ischemia location, and baseline conditions on the ESPVR response.
Alterations in Ees
The greatest difference between the present data and those of previous ESPVR studies1'2 lay in the changes of Ees, as both previous experimental studies had not revealed significant ESPVR slope change with ischemia. In contrast, we found a striking dependence of AEes with ischemia on its baseline value, with larger reductions (regardless of %IM) in hearts with higher initial Ees. In isolated hearts, Ees generally ranges 3-5 mm Hg/ml (the mean was 4.5 mm Hg/mI for the Sunagawa study'), which is low compared with in vivo hearts.10 13The mean Eesbase for the study of Little2 was 6.9±2.1 mm Hg/ml, but this included only one animal with a value greater than 7.2. (In this animal, Eesbase=10.7 mm Hg/ml, and fell to 8.9 mm Hg/ml with ischemia.) The present study demonstrated that in these lower ranges of Eesbase, Ees is altered a relatively small amount by regional ischemia (Figure 4A ), and what changes do occur are further minimized if reflexes are not fully blocked. This latter point may be relevant when comparing our data with those of Little2 in which atropine and propranolol (rather than a ganglionic blocker) were used to inhibit reflexes.
The broader range of Eesbase values obtained in the present study resulted from studying both blocked (contractility depressed) and unblocked hearts, and from natural fluctuations in the sympathetic tone of open-chest anesthetized preparations. This is supported by the significant disparity in Eesbase between the two groups (Table 1 ) and the greater variation between repeated baselines in unblocked hearts (coefficient of variation [SD/ mean*100]=25%) as compared with blocked animals (13%). Ees also has chamber-size dependence,18 and smaller heart mass probably contributed to some of the Ees variation (particularly the highest values).
Another factor that could have contributed to greater Ees changes in the present compared with previous studies was a larger extent of ischemia. The average rightward ESPVR shift with ischemia in the Little and O'Rourke2 study was 9.2 ml, which correlates with approximately 25% ischemic mass (by data from the present study [ Figure 5A] ). In this range (Figure 3A) , the effect of %IM per se is small and more variable than at higher %IM values.
Finally, although it is true that the lower the Pes at which ESPVRs are determined, the greater the potential for Ees change, our regression analysis did not reveal a significant relation between resting systolic pressure or pressure change and AEes (Table 3 ). In addition, the resting PSP in the unblocked group was very similar to that reported in the previous in vivo study.2 Thus, it is unlikely that ambient systolic pressures were an important factor in explaining the differences between the present and previous study results.
Given the dependence of AEes on baseline level, one could question the relevance of this effect to conscious preparations or humans in whom background sympathetic stimulation (and Ees) is lower than in open-chest preparations. However, Ees values of 8 or more mm Hg/ml are frequently obtained even in closed-chest19,20 or conscious21 dogs, and in this range, regional ischemia can induce reductions of more than 50% ( Figure 4B ). In conscious humans, in whom Ees values can vary with chamber size or hypertrophy,22 we have also found a significant dependence of AEes during coronary occlusion (by angioplasty balloon) on Eesbase (lAEes= -0. 71-Eesbase, r=0.92,p<0.001) very similar to that of the present study.23 Thus, the present data appear quite relevant even to intact human physiologic responses.
Experimental Versus Model Predictions ofAltered Ees
To help interpret the isolated heart ESPVR response to regional ischemia, Sunagawa et all proposed a two-compartment model of regional ischemia. The regionally ischemic ventricle was represented as a sum of two hypothetical (endsystolic) volume elastances, an ischemic compartment (E's) and a "normal" remote compartment (E'5). The ischemic region was assigned the passive properties of the original chamber diastolic P-V relation24 and scaled in volume by the percent of ischemia (%IM). The Ees for the ischemic region was the slope of this nonlinear relation at any given pressure. The remote (normal) region was assumed to maintain normal systolic properties, so that its ESPVR was equal to the baseline relation for the preischemic ventricle, also scaled in volume (by 100-%IM). To obtain the net chamber ESPVR, both elastances were combined in parallel as follows:
(l/Enet) = (l/E's) + (1/En ) At low systolic pressures, the net ESPVR was dominated by the far more compliant ischemic region, resulting in little end-systolic pressure rise but increases in end-systolic volume. At normal or high systolic pressures, the diastolic P-V relation became steeper, and Enet was determined more by the remote region elastance. This behavior occurred only after the ischemic compartment had been initially preferentially filled, thus, the net ESPVR was shifted to the right with an apparent increase in Vo (Figure 1) .
The model fit the isolated heart data quite well, supporting the experimental finding of little change in Ees in the high P-V range, as well as a theoretical dependence of AVes on %IM. A rightward ESPVR shift required no more than that the ischemic region be more compliant than the normally contracting remote region. This was very consistent with a large body of experimental data demonstrating systolic wall thinning and bulging in acutely ischemic regions.24-26 Furthermore, although muscle creep27,28 in the ischemic region might also have contributed to rightward ESPVR shifts, this phenomenon was not necessary to explain them.
In addition to predicting rightward ESPVR shift, the two-elastance model also predicted that the ESPVR slope (Ees) would be reduced particularly as the baseline elastance value increased. Combining the two compartments, one can show that the change in Ees will be (Appendix A):
,AEes =EeSbase( 1-REeEed(P~]) (4) /\es= ESbse 1R[EeSbase-Eed(P)] + Eed(P)) where, R is the fraction of ischemic mass (R=%IM/ 100), and Eed(P) is the end-diastolic elastance at a given systolic pressure (P). From this relation, it can be seen that as Eesbase increases, so does the expected change in AEes. This prediction makes sense because Ees indicates chamber stiffness, and the stiffer the heart is initially, the greater the net effect on that stiffness if a portion of the wall is replaced with more compliant muscle.
To Figure 6B . The experimental results shown previously in Figure 3B are here displayed as mean+SEM averaged at more than 5% increment ranges, respectively, of %IM. Again, the effect of varying Eesbase was accommodated by using Equation 3, enabling a single average value (10 mm Hg/mi) to be used in the model prediction.
Model prediction and experimental data for this relation also agreed well.
Additional Factors
In The two-compartment model does not take into account any interactions between ischemic and remote regions,32526 potential influences of local myocardial geometry and, thus, ischemia-site dependencies,6,7 or changes in ischemic regional diastolic properties during coronary occlusion.29 Despite these oversimplifications, the predicted results ( Figure 6 ) compared favorably with the observed data. Although the precise model parameters can be varied to some extent and still fit the observed data, the results displayed in Figure 6 suggest that, by and large, the additional factors noted herein are likely to have secondary rather than primary effects on global systolic function during regional ischemia.
Experimental Limitations
One limitation of the present data that could have affected assessments of autonomic reflex influences, relates to the open-chest anesthetized nature of the preparation. The level of reflex activation in this setting is certainly different from an intact conscious animal. However, pentobarbital anesthesia does not eliminate autonomic reflexes, and although the ambient sympathetic tone in the unblocked group was probably above that of a conscious animal, reflex changes could and did still occur. The fact that mean heart rate was little changed ( can, itself, vary. The 50% flow-reduction definition for separating control and ischemic regions was chosen to be the same as that used in the previous isolated heart ESPVR-regional ischemia study.'
Implications
The present data indicate that the ESPVR response to regional ischemia is not solely a parallel shift of the relation, but rather is more complex and determined by several important and measurable factors. The most prominent of these factors are the Eesbase and %IM. The extent to which experimentally determined influences of both Eesbase and %IM on AEes are predicted by a simple two-compartment model is impressive, suggesting potential use of the model despite its recognized simplifying assumptions. Increasing interest in the global functional sequela of coronary occlusion8,9,23,3' and reperfusion in humans, and the development of similar volume-catheter techniques for assessment of P-V relations in humans,9,22 make the present data clinically pertinent. The present study should provide useful insights for interpreting similar data in future animal, as well as human, investigations.
Appendix A The relation between the control elastance, Eesbase, of the normal ventricle and the elastance of the regionally ischemic ventricle, E',, can be derived as follows. As Sunagawa et all did in their two-compartment model, assume that an R fraction (R=%IM/100) of the wall of a given ventricle becomes totally ischemic, completely losing contractile properties (ischemic compartment), whereas the remaining (1-R) fraction of the wall maintains its normal contractile properties (normal compartment). Then the elastance for the normal compartment can be written as:
CeS=Ees/(1-R) (B1)
The end-systolic P-V relation for the ischemic compartment is assumed to be the same curvilinear end-diastolic P-V relation of the normal ventricle, except for the difference in size. Let Eed(P) represent the end-diastolic elastance of the normal ventricle that varies as a function of pressure (P) due to the nonlinearity of the relation. Then the elastance of the ischemic compartment Ees is:
EeS=Eed(P)/R
The combined compliance of the two interconnected compartments is the sum of the two compartmental compliances. Because elastance is the reciprocal of compliance, the combined elastance for the regionally ischemic ventricle (Enet) is: shows that for a given extent of ischemia R and a given diastolic elastance, Eed(P), AEes will increase with greater Eesbase. In addition, for a given Eesbase and Eed(P), AEes will increase with increasing R.
This analysis focused on Ees changes; however, the same model can be used to predict shifts in Vo (see reference no. 1).
